H
alogen atoms X engaged in covalent bonding (R-X) are among the poorest donor centers, and this is particularly true for X ϭ F and Cl. Exceedingly strong acceptor components R ϩ are required to employ the halogen function in dative bonding and to generate cationic or zwitterionic species in which the halogen atom represents a ''halonium'' center as in [R-X-R] With R representing an alkyl group, the dialkylchloronium cations [R-Cl-R] ϩ can be recognized as adducts of alkyl chlorides R-Cl with carbocations R ϩ , which play an important mechanistic role in many reactions under strongly acidic conditions (1, 9) . These diorganochloronium salts are often rather labile and the structural characterization is an experimental challenge. Alkyl-or arylhalides are also generally very poor ligands for metal acceptors, and there is only a limited number of stable complexes with R-X molecules as ligands (10) .
In fundamental discussions of the frontier orbital concept in the 1970s, gold(I) [Au] , respectively, which suggested many analogies in structure and bonding of seemingly unrelated compounds (11) (12) (13) . And in fact, these analogies were readily detected even when screening the most common binary compounds (14, 41) . Thus the gold(I) halides AuCl (15) Ϫ (Scheme 2). It should also be noted that gold(I) is one of the strongest acceptor cations in the family of metals (19) . The extremely high electron affinity and electronegativity have their origin in relativistic effects, which reach a local maximum for the element gold in the periodic table (20, 21) , and which are also obvious from the unusually small atomic radius of gold in both prominent oxidation states (22, 23 
ClO 4
Ϫ (1). In subsequent studies in our own laboratories the phenomenon was confirmed with complexes bearing different ligands L, and the chemistry could be extended further to include gold(I) bromide and iodide (26) . With tetrafluoroborate counterions, the complete set of halonium salts {X[Au(PR 3 )] 2 } ϩ BF 4 Ϫ was isolated, which are among the most stable halonium species known in coordination chemistry. The strongly bent structural units Au-X-Au can be recognized as parts of the structural motif of the (AuX) n zig-zag chains (Scheme 2).
Our more recent work reported in this paper (and briefly in a preliminary communication; ref. 27 ) has shown that the di(gold)halonium salts have an extremely interesting supramolecular chemistry that only emerges as larger counterions are introduced. It appears that changes in the Coulomb energies of the ionic lattice allow weak forces based on closed-shell interactions Au-Au (d 10 -d 10 ) between the metal centers to contribute significantly to the lattice energy (28) (29) (30) (31) . In brief, the halonium monocations are found to undergo self-assembly against Coulomb repulsion to form dications based on tetranuclear gold(I) clusters.
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Experimental Procedures General Experimental Techniques. All experiments were carried out under an atmosphere of pure and dry nitrogen either in Schlenk apparatus or in a glove box. Solvents were dried, degassed in a vacuum and saturated with nitrogen. Glassware was oven-dried and filled with nitrogen. Standard equipment was used throughout for all preparative, analytical, and spectroscopic work. The complexes Ph 3 PAuCl, Et 3 PAuCl, and [2,6-(MeO) 2 C 6 H 3 Ph 2 P]AuCl were prepared following literature methods and the former converted into the bromides or iodides in metathesis reactions with KBr͞KI in a water͞dichloromethane two-phase system (32) . All other reagents were commercially available.
Preparative Procedure. General. Silver hexaf luoroantimonate (AgSbF 6 , 1 equivalent) is suspended in dry tetrahydrofuran (20 ml) at Ϫ78°C under nitrogen and a solution of the (phosphine) gold(I) halide (LAuX, two equivalents) in dry dichloromethane (20 ml) is added with stirring. Stirring of the reaction mixture is continued at Ϫ78°C for 2 h. After warming to 20°C, the reaction mixture is filtered and the volume of the filtrate reduced to 5 ml in a vacuum. The product is precipitated by the addition of dry pentane, filtered, washed with pentane, and dried in a vacuum. Compounds 2-8 are colorless solids, soluble in chloroform, dichloromethane, and tetrahydrofuran, and insoluble in diethyl ether and pentane. The Et 3 P complexes are sensitive to light. Single crystals grown from the same solvent mixture (dichloromethane͞tetrahydrofuran) by careful layering with pentane and cooling in the refrigerator may contain solvents as indicated in Table 1 H} NMR spectra of the complexes 2-8 show the usual signal patterns for Et, Ph, and 2,6-(MeO) 2 C 6 H 3 groups, respectively, with no anomalies. The data are virtually indistinguishable from those reported for the tetraf luoroborate salts (26) .
Crystal structure determinations. Specimens of suitable quality and size were mounted on the ends of quartz fibers in F06206R oil and used for intensity data collection on a Nonius DIP2020 diffractometer, employing graphite-monochromated Mo K ␣ radiation. The structures were solved by a combination of direct methods (SHELXS-97) and difference-Fourier syntheses and refined by full matrix least-squares calculations on F 2 (SHELXL-97). The thermal motion of all non-hydrogen atoms was treated anisotropically, except for those of the thf solvent atoms in 3, which were refined isotropically. Because of the very large thermal parameters of the solvents CH 2 Cl 2 and thf in the lattice of 3, their occupancy was lowered to 50%. The structures of 2 and 4 suffered from disordered and unidentified solvent in the lattice, which was not included in the refinement but was taken care of by the SQUEEZE-procedure (from PLATON). The volumes occupied by the solvent were 2,700 and 2,637 Å (3), respectively; the number of electrons per unit cell deduced by SQUEEZE were 257 and 167. The SbF 6 anions in the crystal of 8 were disordered and refined in split positions and with reduced site occupation factors. All hydrogen atoms were placed in idealized calculated positions and allowed to ride on their corresponding carbon atoms with fixed isotropic contributions. Further information on crystal data, data collection, and structure refinement are summarized in Table 1 . Selected interatomic distances and angles are shown in the corresponding figure legends and in Table 2 . The data for 2 were included in a preliminary communication (27) . Thermal parameters and tables of all interatomic distances and angles have been deposited with the Cambridge Crystallographic Data Centre (12 Union Road, Cambridge CB2 1EZ, U.K.). The data are available on request (CCDS-178462-178465).
Results
Gold(I) halide complexes of tertiary phosphines (R 3 P)AuX are readily obtained in quantitative yield through standard methods (32) . In the present study, a set of six compounds with R ϭ Ph, Et and X ϭ Cl, Br, I was prepared, complemented by one complex with a more bulky ligand, [2,6-(MeO) 2 C 6 H 3 Ph 2 P]AuCl. Treatment of a solution of any of these complexes in a mixed solvent of tetrahydrofuran and dichloromethane [1:1] with silver hexafluoroantimonate AgSbF 6 in the molar ratio 2:1 at Ϫ78°C gave a virtually quantitative precipitate of silver chloride, which was readily separated by filtration. After partial evaporation of the solvent at ambient temperature, the products were precipitated by the addition of pentane as colorless solids in high yields and identified by microanalysis data and NMR and mass spectra (Experimental Procedures, Eq. 1).
The NMR spectra of the compounds 2-5 (in chloroform-d 1 solution at 25°C) were found to be similar to those reported for the corresponding tetrafluoroborates [X(AuPR 3 ) 2 ] ϩ BF 4 Ϫ reported previously (26) . This finding suggests that the new hexafluoroantimonates and the tetrafluoroborates have the same cations in solution. The mass spectra (FAB, from pnitrobenzyl alcohol matrix) also show similarities between the corresponding SbF 6 Ϫ and BF 4 Ϫ salts. Single crystals suitable for x-ray diffraction studies could be grown for all four triarylphosphine complexes (2-4, 8) , whereas the triethylphosphine complexes (5-7) proved unstable in the crystal growth procedures or gave poor crystal quality. Preliminary work with trimethylphosphine ligands also lead to premature decomposition of the products.
The crystals of the chloronium and bromonium compounds 2 and 3 are isomorphous, tetragonal of space group I4 , with the same number of formula units (Z ϭ 8) in unit cells of very similar dimensions, whereas crystals of the iodonium compound 4 are monoclinic, space group C2 (Z ϭ 4). Crystals of compound 8 are again tetragonal, of space group I4͞m (Z ϭ 4). In all four cases (1) 106 .2(1) 174.96(7) If there is more than one entry for a given parameter, these data refer to different independent units in the crystal. (Au-Au)M refers to metal-metal contacts in a given monomer, and (Au-Au)D to metal-metal contacts between monomers in the aggregate (see Figs. 1 and 3 for examples) .
the cations appear as large tetranuclear dimers (dications), which are well separated from the SbF 6 anions. Voids between these ions are filled with solvent molecules that were found disordered in 2 and 4, but could be resolved for compound 3. In the structure of 8, there are two different sites for the anions that are not completely filled, but this deficit could be accounted for by reduced populations in both positions (with conservation of electroneutrality). The anions do not show any structural irregularities in any of the complexes. As a representative example, Fig. 1 shows the contents of the unit cell of compound 3, and Table 1 gives crystal data and structure solution details for compounds 2-4 and 8.
The crystals of the two isomorphous compounds 2 and 3 contain two independent tetranuclear units with very similar dimensions and with crystallographically imposed S 4 symmetry (Fig. 2) . Crystals of complex 4 also show two independent but similar tetranuclear units, albeit with reduced crystallographic symmetry (point group C 2 , but still close to S 4 ; Fig. 3 ). The asymmetric unit of 8 contains only one-quarter of a tetranuclear unit from which the complete dication can be generated through the symmetry operations of point group S 4 (Fig. 4) .
Inspection of the details of the structures of the four dications reveals that {X[Au(PR 3 )] 2 } ϩ cations have become intimately associated into clusters through intercationic goldgold contacts. The four gold atoms are arranged at the corners of an equilateral bisphenoid that can be described as a tetrahedron with two opposite edges lengthened considerably as compared with the remaining four edges. Taken together for all four compounds, these four short edges are in the surprisingly narrow range from 3.0684(7) to 3.1282(4) Å regardless of the nature of the halonium atoms (Cl, Br, I) and of the ligands PR 3 (2 as compared with 8). These short contacts clearly qualify for aurophilic interactions between the metal atoms (19, 28 -31) . By contrast, the two opposite long edges are in the range 3.645(1) to 3.809(1) Å (for all four complexes) and are thus well beyond the limits where aurophilic bonding should be considered (33) .
The surprising agreement of the Au-Au contacts in the tetranuclear dicationic units regardless of the nature of the halogen atoms is the result of very pronounced changes in the bond angles at the halonium centers: Whereas Au-Cl-Au angles are 101.4 (1) (Table 2) .
There is also a geometrical response to dimerization to be detected in the P-Au-X angles. Note that these angles are expected to be linear for any L-Au-X compound (32) . For 2, the angles P-Au-Cl are found at 170.99(8)°and 171.12(7)°, but for 3 the corresponding values are further down at 169.19(7)°and 168.91(7)°, and for 4 finally at 165.44(9)°, 165.93(9)°, 166.56(9)°, and 166.56(9)°. These deviations from linearity of 9°(2), 11°(3), and 14°(4) mean a bending of the P-Au-X axes that brings the gold atoms closer together.
In the classical zig-zag structures of the binary gold(I) halides AuX (ref. 
Discussion
The structural studies have shown that the generation of di[gold-(I)]halonium hexafluoroantimonates (2-8) leads to salts with tetranuclear dications through a self-assembly of two monocations as drawn in Scheme 3.
The structures of the products are particularly illustrative examples for the significance of weak ''aurophilic'' (''metallophilic'') bonding for the building of supramolecular structures (28-31, 33, 34) .
Three observations are important: (i) The self-assembly of two monocations to give a dication takes place against Coulomb repulsion. (ii) The intimate aggregation is based solely on interactions between closed shell (d 10 ) metal atoms [Au(I)]. These interactions are known-from experimental and theoretical data-to be associated with bond energies in the order of 7-12 kcal͞mol and thus comparable to those of standard hydrogen bonds (28) (29) (30) (31) . Although naturally less ubiquitous than hydrogen bonding, metallophilic bonding appears to be an equally dependable contributor to supramolecular architecture whenever low-coordinate, heavy late transition elements are present in the building blocks. (iii) The association in the solid state depends on the nature of the counterion. Because it takes place against electrostatic forces, the Coulomb energy arising from nearest neighbor cation-anion interactions is of prime importance. Larger anions (SbF 6 Ϫ as compared with BF 4 Ϫ ) therefore enhance the chances of aurophilic interactions to be realized in a given system. It should also be noted that even solvent molecules in the crystal may influence the lattice energy quite considerably (28) (29) (30) (31) . Separation of the monomers also occurs by complete solvation upon dissolution in suitable solvents.
The halonium salts are not the first class where association between polyaurated onium salts is ligand and anion dependent: Pyramidal tetra(gold)arsonium cations and tri(gold)oxonium and -sulfonium cations {[(R 3 P)Au] n E} ϩ X Ϫ (E ϭ As͞n ϭ 4; E ϭ O,S͞n ϭ 3) were found as monomers and as dimers in lattices with different components (R 3 P and X), and the dimers may have different structures (29, (35) (36) (37) . Likewise, methanium complexes {[(R 3 P)Au] 4 CH} ϩ BF 4 Ϫ appear to be associated in the crystal (38) , whereas analogous C-substituted cations are monomeric (39) . Quantum-chemical and forcefield calculations have shown for simple model compounds that there is a delicate energy balance between the structural alternatives (40) .
